Abstract: In this letter, a compact and high isolation balanced-to-balanced microstrip diplexer with mixed coupling is proposed via the combination of two high selectivity and common-mode (CM) suppression balanced bandpass filters (BPFs) without extra junction matching network. The singleended mixed coupling BPFs are composed of two short-ended stepped impedance resonators (SIRs). The mixed coupling is modeled in a way that both magnitudes and phase differences of constituted capacitive and inductive couplings are made use of in filter synthesis. Multiple transmission zeros (TZs) can be generated by the different electric and magnetic coupling coefficients ratios and electric length ratios. Furthermore, the loading effect of a balanced filter on another balanced filter can also generate a new differential-mode (DM) TZ at the other passband to improve the isolation. Finally, the proposed diplexer for WLAN (wireless local area networks) application is fabricated and measured. The simulated and measured results exhibit a satisfactory agreement to validate the proposed configuration.
Introduction
Diplexer is an essential component in the modern multi-band and multi-service wireless communication systems [1, 2] . The conventional diplexers are constructed by combining two BPFs having distinct frequencies through a three-port impedance-matching network, such as a T-junction. Recently, the balanced circuit has been widely used in modern communication systems due to its good CM rejection capability, which results in higher immunity to the environmental noise [3, 4, 5, 6] . Hence, a great deal of effort has been spent on achieving balanced diplexers through use of innovative circuit topologies [7, 8, 9] .
The balun structure and diplexer are properly integrated into one balanced device that not only is a component with a filtering function, but also is used to convert signals between balanced and unbalanced ones. In [7] , a balanced-tounbalanced diplexer where the common port is the balanced port, and the other two ports are single-ended ports was implemented with two three-port balun filters through a T-junction. In [8] , an unbalanced-to-balanced diplexer where the common port is the single-ended port, and the other two ports are balanced ports which were realized using half-wavelength open-loop resonators. In [9] , both unbalanced-to-balanced and balanced-to-unbalanced diplexers were proposed based on stubloaded resonators.
To be an interface device between the differential receiver/transmitter devices, the balanced-to-balanced diplexer has been designed. In our previous work [10] , the balanced-to-balanced diplexer without extra junction matching network was proposed in a manner that the feed-line coupled to one BPF produce a TZ at the passband of the other BPF and vice versa. Moreover, coupled short-ended feedlines of each filter also generate a TZ by source-load coupling, thus realizing high isolation and CM suppression.
The mixed coupling which is used for filter design has been extensively investigated with the advantages of controllable TZs to improve performance of the filter [11] . On this basis, the mixed coupling mechanism has been applied to design the compact and high selectivity balanced BPF [12] and diplexer [13] , moreover, the generated TZ in [13] which is located at the desired position has markedly improved the isolation.
In this letter, a compact balanced-to-balanced microstrip diplexer with mixed coupling in Fig. 1 is proposed with high selectivity, isolation, and CM suppression performance. The compact diplexer is designed via the combination of two balanced BPFs without extra junction matching network. Under DM operation, multiple TZs can be created owing to the mixed coupling and the mutual loading effect, and two of all the TZs appear in the other channel to improve the isolation between two balanced BPFs. Finally, the balanced-to-balanced diplexer for WLAN application is designed and fabricated, and the satisfactory agreement between the simulated and measured results validates the proposed configuration.
Design of balanced BPF with mixed coupling
The balanced BPF structure is designed symmetrically by connection via high-Z open-ended of two identical BPFs and shown in Fig. 2 . And the balanced filter can be analyzed by using its DM and CM equivalent circuits that the vertical central plane is a perfect electric and magnetic wall, respectively [10] . Under CM operation, a virtual-open appears along the symmetry line, the CM equivalent circuit with open-ended in Fig. 3(a) can be treated as =2 resonators. The openended SIR is in a state of strong mismatch and equivalent high impedance, has a poor matching ability for CM signal.
Under DM operation, a virtual-short appears at the center points of SIRs and the corresponding short-ended SIRs are composed of two sections of high-and low-impedance transmission lines, the DM equivalent circuit with short-ended in (8) in [14] .
The overall normalized b Y 21 is calculated as follows:
To create TZs, magnitude b Y 21 should be zero, thereby its numerator in (1) is equal to zero, Then extracting TZs positions for the general condition in (2) will be discussed with the assumption that both b J and b K inverters are nondispersive. Thus, the TZs are constrained as:
Considering the situations that: b J b K sin u and b J b K cos l are far less than the corresponding sin 2 l and cos 2 u , so, b J b K sin u and b J b K cos l can be ignored for the equation (8) . Besides the electric and magnetic coupling coefficients ratio, the positions of TZs are also determined with different k, which is defined as electrical length ratio of upper to lower paths: k ¼ u = l . So, equation (8) in [14] can be simplified as
For a =4 short-ended resonator with central frequency f 0 located at 0 ¼ =4, its first spurious response appears around 3f 0 , where u ¼ 3=4. Thus, only TZs below 3f 0 are discussed here. Considering the possibility of the eventual realization of the electric length ratio, Fig. 5 depicts the graph of normalized admittance for determining the TZs distributions with the discrete electric length ratio k ranged from 2.4 to 4.0. The normalized values of the electric and magnetic coupling coefficients b J and b K can be obtained by the full-wave simulation extraction. And the electrical length ratio k can be designed reasonably by adjusting the port positions. Thus, they can be chosen appropriately to realize desired TZs with different number and positions. Finally, the detailed distributions of the TZs with the discrete k ranged from 0.1 to 4.0 will be discussed in Fig. 6 . As the typical examples, two second-order BPFs with the different positions of TZs noted as filter A which one TZ located in the lower stopband and two TZs located in the upper stopband, and filter B which two TZs located in the lower stopband and one TZ located in the upper stopband can be designed, respectively. (4) based on mixed coupling and different-phase coupled =4 resonators. Table I . Then, under the DM excitation, the microstrip balanced BPFs based on the filers A and B are simulated and optimized, and Fig. 7 gives the simulated frequency responses. As illustrated in Fig. 7 , for filter A, it can be seen that the three TZs are located at 1.4, 2.9 and 6.5 GHz, and for filter B, three TZs are located at 1.70, 2.12 and 5.87 GHz, respectively.
For the designed balanced BPFs, under CM excitation, the open-ended resonator instead of the short-ended one is in a state of strong mismatch and equivalent high impedance, has the poor matching ability for CM signal. Hence, the balanced filters based on the filers A and B can provide better performance in suppressing CM interference while maintaining the DM performances. The corresponding CM frequency responses are also illustrated in Fig. 7 . It can been seen that the simulated CM suppression are both more than 43 dB in the filter passbands. The high and wide CM suppression can be attributed to the adopted SIR structure.
Design of balanced-to-balanced diplexer
Based on the features of the aforementioned balanced BPFs, a balanced-to-balanced microstrip diplexer in Fig. 1 can be designed through the combination of two balanced filters without extra junction matching network, so more compact size can be realized. The entire structure is symmetrical to the symmetry line (red dash line). Under DM excitation, as shown in Fig. 7 , b K= b J and k are chosen appropriately to realize three TZs of a filter that one TZ is designed in the passband of the other filter, the remaining two TZs are respectively located in the lower-stopband and upper-stopband to deepen the out-of-band rejection as a result of the mixed coupling.
Hence, a balanced-to-balanced diplexer prototype with absolute bandwidths of 50 MHz is designed with the described three TZs operating at 2.4 GHz for channel A in the blue wireframe and 2.6 GHz for channel B in the green wireframe. The substrate used herein is RT/Duroid 5880 with a thickness of 0.508 mm, permittivity of 2.2 and loss tangent of 0.0009.
As mentioned in [10] , the effect of the channel A on the channel B is approximately equivalent to the open stub with the coupled short-ended =4 resonators on channel A, as depicted in Fig. 1 . Hence, the mutual loading effect of a filter can generate a new TZ at the other passband without deterioration of its in-band performance. The lengths l a and l b of feeding lines which connect to the common port directly can be chosen appropriately to obtain good impedance matching. The diplexer is simulated and optimized by Ansoft HFSS 13.0, and the final dimensions are listed in Table II .
Experimental results
To validate our design, the balanced-to-balanced diplexer with mixed coupling is manufactured, and its photograph is shown in the inset in Fig. 8(a) . The performance is measured by Agilent network analyzer N5230C. The simulated and measured frequency responses are shown in Fig. 5 and illustrate good agreement. The slight mismatch may be caused by the fabrication tolerance and SMA connectors.
As illustrated in Fig. 8(b) , the measured passband is centered at 2.4 GHz with 3 dB FBW of 2.5% for channel A, the measured minimum insertion loss is 1.5 dB. Four TZ 1À4 are located at 1.00, 2.55, 2.63 and 6.56 GHz with an attenuation level of more than 28 dB, resulting in high selectivity. Meanwhile, as shown in Fig. 8(c) , the measured passband is centered at 2.6 GHz with 3 dB FBW of 2% for channel B, the measured minimum insertion loss is 1.6 dB. Four TZ 5À8 are located at 1.25, 2.28 2.45 and 6.60 GHz with an attenuation level of more than 30 dB. Fig. 8(d) shows that the measured DM isolations and CM suppression in the two channel passbands are more than 45 dB and 40 dB, respectively. A comparison with other state-of-art balanced diplexers is summarized in Table III . It is apparent that the proposed balanced diplexer has the most compact size among the diplexers with balanced ports, and the insert loss, isolation and CM suppression are good.
Conclusion
In this letter, a compact and high selectivity balanced-to-balanced microstrip diplexer with mixed coupling is proposed through the combination of two balanced BPFs which are based on single-ended mixed coupling BPF without extra junction matching network. Finally, the diplexer for WLAN applications is simulated, fabricated and measured. The measured isolation between output ports is greater than 45 dB and the measured CM suppression in operation bands is more than 
